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ABSTRACT Supramolecular self-assembly is an integral
step in the formation of many biological structures. Here we
report a DNA pentaplex that derives from a metal-assisted,
hydrogen bond-mediated self-assembly process. In particular,
cesium ions are found to induce pentameric assembly of DNA
bearing the nonstandard nucleobase iso-guanine. The penta-
plex was designed by using a simple algorithm to predict
nucleobase structural requirements within a quintet motif.
The design principles are general and should extend to
complexes beyond pentaplex. Structures exhibiting molecu-
larities of five or more were previously accessible to peptides,
but not nucleic acids.

In abiologic systems, metal-mediated self-assembly has
yielded arrays (1), nanometer-sized dendrimers (2), and
other systems (3), notably, double- and triple-helical metal
complexes that bear a formal resemblance to DNA (4).
Recognition in the latter is driven by ligand constraints and
metal coordination geometry. Recognition within DNA
double and triple helices, in contrast, depends primarily on
hydrogen bond complementarity. Quadruple helices of DNA
based on the G-quartet motif are unusual, however, in that
they rely on both hydrogen bonding and metal ion coordi-
nation (5, 6). Here we demonstrate the ability to expand
DNA molecularity beyond quadruplexes by engineering
nucleobases to fit dimensions required of higher-order mo-
tifs. Specifically, we design and characterize a DNA penta-
plex.

The iG-motif (iG refers to 29-deoxy-iso-guanosine) may be
predicted to yield the first nonquartet structure within the
series shown in Fig. 1, which also illustrates working design
principles to expand nucleobase motifs. Each of the general-
ized motifs in this figure is modular and comprised of com-
ponents for which an ideal sector angle may be attributed, e.g.,
360y4° and 360y5° for quartets and quintets, respectively. In
the case of G-quartets, vectors along hydrogen bond donory
acceptor groups contributing to recognition result in the 90°
ideal sector angle (Fig. 1a). In contrast to G, the 67° sector
angle of iG approaches the quintet optimum (Fig. 1b). iG itself
occurs naturally (7) and may be considered an elementary
nucleobase in the sense that it derives from hydrogen cyanide,
a prime prebiotic reagent (8). Thus, iG may have contributed
to early biopolymer evolution (9) and has been used to encode
genetic information during ribosomal translation in vitro (10).
We (11) and others (12, 13) have established that higher-order
self-pairing of iG depends on metal ions, similar to G-quartets
(for iG self-pairing in another sugar system, see ref. 32). Our
present findings show that monovalent cations can influence
decisively the degree of strand association in a nonstandard
DNA. Whereas tetraplexes are observed as the major outcome
of incubating iG-rich DNA in the presence of potassium ions,
pentaplex association dominates under the influence of cesium

ions. As a consequence, the iG-motif fulfills geometric pre-
dictions.

MATERIALS AND METHODS

Oligonucleotides. Synthesis of iG phosphoramidite and oli-
gonucleotides were performed as described (14).

PAGE Assays. Oligonucleotide (400 pmol) was combined
with 1 ml of 103 kinase buffer (700 mM TriszHCl, pH
7.6y100 mM MgCl2y50 mM DTT), 1 ml of g-32P-ATP (2
mCi), 6 ml of H2O, and 1 ml of T4 polynucleotide kinase (3
units, United States Biochemical). The sample was incu-
bated for 30 min at 37°C, at which time 1 ml of 660 mM ATP
was added, followed by incubation for an additional 30 min
at 37°C. Kinased oligonucleotides were purified by denatur-
ing 20% PAGE and desalted. Purified oligonucleotides (5 3
105 cpm) were combined with 10 ml of 500 mM CsCl or KCl,
and the sample was heated at 90°C for 10 min, centrifuged,
and then incubated at 4°C or 25°C for 48 hr, as indicated in
Fig. 2. After incubation, samples were electrophoresed on a
native 20% polyacrylamide gel kept at 4°C. Running buffer
contained either 50 mM CsCl, or 50 mM KCl, along with
0.63 TBE (Trisyboric acidyEDTA, pH 8.6). After electro-
phoresis, gels were exposed to film for 0.5–2 hr. Ratios of
32P-T4iG4T to 32P-T8iG4T were determined for the set of five
K1-complexes in lane 2 of Fig. 2 and the set of six Cs1-
complexes shown in lane 11 of Fig. 2 by: (a) removing each
individual complex from the above noted native gel, (b)
placing individual complexes in individual lanes on a dena-
turing (7 M urea) 20% polyacrylamide gel, and (c) separation
of the short and long iG-DNA strands by electrophoresis at
45°C in 13 TBE. PAGE-separated 32P-T4iG4T and 32P-
T8iG4T were imaged with a PhosphorImager and quantitated
by using IMAGEQUANT software (Molecular Dynamics). The
ratios are reported in Fig. 3.

Photocrosslinking. UV-crosslinking experiments were ac-
complished by irradiating with a low-pressure mercury lamp 10
ml of iG-DNA Cs1-complexes or K1-complexes in a solution
containing 500 mM of the corresponding salt (complexes were
preformed in CsCl or KCl solution by incubation at 4°C for 48
hr). The samples then were electrophoresed on a denaturing (7
M urea) 20% polyacrylamide gel at 45°C. After electrophore-
sis, gels were exposed to film for 12–24 hr. Additional details,
including a discussion of ‘‘crossover’’ experiments, are noted in
the legend to Fig. 4.

Computations. Computations on the pentaplex of iG4 DNA
strands were performed with Macromodel (Schrödinger, Port-
land, OR) by using the AMBER* force field. Partial atomic
charges for iG reported by Leach and Kollman were used (15).
Ab initio Hartree-Fock computations were performed on a
Cray T90 at the San Diego Supercomputer Center using
GAUSSIAN 94 (33) as described in earlier work (11, 14). Basis
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sets provided in GAUSSIAN 94 (3–21G) were supplemented with
the 3–21G cesium basis set developed by Glendening and
Feller (16).

RESULTS AND DISCUSSION

Electrophoretic Assay for Strand Association. Tetramolecu-
lar association of G-rich RNA (17) and dimerization of G-rich
DNA hairpins (18) were demonstrated earlier by comparing
electrophoretically the number of complexes that emanate
from two physically different oligomers, taken individually and
together. Thus, incubating a mixture of T8iG4T and T4iG4T in
K1 at 0°C for 48 hr yields five bands upon native gel electro-
phoresis (Fig. 2, lane 2). This outcome is consistent with
tetramolecular association of parallel aligned strands, as re-
ported earlier (11), and is modeled in Fig. 3a (11, 17).
Numbered complexes in the figure are distinguishable elec-
trophoretically.

The above finding opposes the prediction made in Fig. 1b.
However, it may be assumed that if pentaplexes could possibly
form, they would do so at a rate slower than other known
helix-forming reactions of lesser molecularity, in analogy with
the rate of tetraplex formation in comparison to triplexes or

duplexes (19, 20). It follows that if pentaplex and tetraplex
formation were to compete under kinetically controlled con-
ditions, tetraplexes alone might result. To test this possibility,
the iG-bearing oligomers were incubated with potassium ions
at higher temperature than before to minimize kinetic biases.
As can be observed in Fig. 2, lanes 7–9, increasing the
incubation temperature gives rise to appreciable quantities of
slower moving bands.

Strand Association as a Function of Monovalent Ion Size.
To investigate whether the minor bands with diminished
mobility may be pentaplexes, a means was sought to further
suppress the main tetraplex reaction manifold. Computations
(see below) suggested that Cs1 matches the dimensions found
in the intersticial cavity created by succesive iG-quintets. In
practice, use of the larger metal ion resulted in complete
supression of the tetraplex association pathway (Fig. 2, lanes
10–12). At the same time, Cs1 produced only the putative
pentaplex bands. Perhaps the most interesting outcome with
Cs1 is the formation of six distinct electrophoretic bands
instead of five from the mixture of long and short iG-DNA
strands (Fig. 2, lane 11 versus lane 2).

As modeled in Fig. 3b, six electrophoretically distinguish-
able complexes are consistent with either: (i) the assortment
of two different DNA strands within a parallel stranded

FIG. 1. Working design for nucleobase motifs leading to expanded DNA molecularities. (a, from left to right) Schematic representation of a
circularly modular quartet motif with ideal sector angle of 90°, ab initio optimized geometry of a G-quartet motif, and actual 90° sector angle for
G defined by the intersection of vectors along the van der Waals donor-donor and acceptor-acceptor atom surfaces using the geometry from its
optimized quartet. (b, from left to right) Schematic representation of a circularly modular quintet motif with ideal sector angle of 72°, ab initio
optimized geometry of an iG-quintet motif, and actual 67° sector angle for iG defined by the intersection of vectors along the van der Waals
donor-donor and acceptor-acceptor atom surfaces using the geometry from its optimized quintet. (c) Schematic representation of a circularly
modular n-mer motif with ideal sector angle of 360°/n.
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pentaplex, or (ii) the assortment of two different DNA
strands within an antiparallel stranded tetraplex. The second
model is anticipated to be highly disfavored because it
requires iG to adopt both syn and anti conformations. Apart
from the anticipated increase in conformational energy as a
result of positioning the nucleobase syn rather than anti, a syn
conformation of iG also would be expected to preclude
hydrogen bonding by the minor groove face (O2 and N3
acceptor atoms) within the iG-motif because of their prox-
imity to ribose and attendant steric shielding. The situation
is different for G in the G-motif as its acceptor atoms occur
on the Hoogsteen face and therefore are far removed from
the ribosyl group.

Distinguishing Parallel-Stranded Pentaplexes from Anti-
parallel-Stranded Tetraplexes. Despite the above arguments
favoring the pentaplex model of Fig. 3b, we sought to
conduct an experiment whose outcome would unambigu-
ously define the strand stoichiometry of iG-DNA Cs1-
complexes. To achieve this end, individual electrophoretic
bands for each complex of mixed length strands were isolated
for both the Cs1-series (Fig. 2, lane 11) and the K1-series
(Fig. 2, lane 2). The amounts of long and short strands within
each individual complex then were determined by separating
the two different-length strands via denaturing (7 M urea)
PAGE, followed by quantification of 32P for each strand. The
strand ratios determined in these experiments are reported
in Fig. 3 a and b Lower. Strand ratios observed for both metal
ion series are in very good agreement with the ratios
predicted by the corresponding association model, parallel-
stranded tetraplex for K1 and parallel-stranded pentaplex
for Cs1. Significantly, the experimentally determined strand
ratios for the Cs1-series (Fig. 3b Lower) are inconsistent with
the strand ratios that would result from an antiparallel-
stranded tetraplex.

FIG. 2. Autoradiograms of native 20% polyacrylamide gels demonstrating the number of electrophoretic bands that emanate from complexes
formed by two different lengths of iG4-bearing DNA strands. Complexes were formed by incubating DNA strands separately or together in the
presence of K1 andyor Cs1, as indicated at the top of each lane.

FIG. 3. Schematic representation of electrophoretically distin-
guishable tetraplexes and pentaplexes that may result when two
different lengths of DNA strands are combined. (a) Five parallel-
stranded tetraplexes that may be distinguished; (Lower) strand ratios
that were experimentally determined. (b) Six parallel-stranded pen-
taplexes that may be distinguished; (Lower) experimentally deter-
mined strand ratios.
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Direct Electrophoretic Comparison of Cs1 and K1 Com-
plexes. Direct comparison of the different metal ion com-
plexes was achieved by incubating T8iG4T and T4iG4T in Cs1

and K1 separately, and then electrophoresing the complexes

in a native gel with running buffer that contained K1 but not
Cs1. The result is shown in Fig. 2, lanes 13–18. Lanes 13–15
contain DNA strands incubated in Cs1 but electrophoresed
in K1 and clearly show both the K1 and Cs1 species of
complex in lanes 13 and 15. The Cs1 complexes in these two
lanes may be discerned as moving slower than the K1

complexes through comparison to the pure K1 complexes in
lanes 16 and 18 of the same gel. These observations are
consistent with a more stable Cs1-pentaplex than K1-
tetraplex when coupled with the mirror experiment (results
not shown), in which the K1 complex upon electrophoresis
in a native gel containing Cs1 running buffer yields only the
Cs1 complex. Molecularity aside, one factor clearly in favor
of Cs1 complex stability is the less unfavorable dehydration
energy for Cs1 over K1 (21).

Results with G-DNA. In a set of experiments analogous to
those described in Fig. 2, the behavior of G-bearing DNA
strands T8G4T and T4G4T also has been investigated (data not
shown). In contrast to iG, the G-oligomers give nearly identical
results for both Cs1 and K1. This observation is in keeping
with the earlier findings of Venczel and Sen (22).

Photocrosslinking Assay for Molecularity. Pho-
tocrosslinking of iG-DNA in Cs1 also supports pentaplex
formation. Experiments were conducted for both K1 and
Cs1- driven assembly as illustrated in Fig. 4. Lanes 1–3 of Fig.
4 involve irradiation of the complexes shown at the top of
each lane, followed by denaturing electrophoresis at 45°C.
Discernible in both autoradiograms are monomer, dimer
(one crosslink), trimer (two crosslinks), and tetramer (three
crosslinks) for all complexes. In addition, pentamer (four
crosslinks) is seen for T8iG4T in the presence of Cs1 (Fig. 4b,
lane 3). Photocrosslinked pentamer is consistent with Cs1

driven assembly of T8iG4T into a pentaplex. The fact that
pentamer is seen only with T8iG4T is furthermore consistent
with crosslinking through thymidine residues, in that this
sequence bears four additional such residues over T4iG4T,
and therefore would possess an increased likelihood of
reaction. Lanes 4–6 of Fig. 4 are control experiments. Lanes
4 and 5 are ‘‘crossover’’ experimental variations of lanes 1
and 3, respectively. The purpose of this particular experi-
ment is to detect whether any appreciable strand exchange
among complexes occurs under the conditions of the pho-
tocrosslinking experiment. In practice, preformed tetraplex
or pentaplex of one strand type (long or short) is challenged
to exchange during the photocrosslinking by addition of the
other strand type (short or long) just before irradiation. If
such exchange were to occur, crosslinking as an assay for
molecularity would be invalidated. Lanes 2 of Fig. 4 define
crossover bands, which appear boxed. In neither lanes 4 nor
5 does there appear appreciable crossover product. Finally,
lanes 6 show that a monovalent cation alone is not sufficient
to support formation of tetraplexes or pentaplexes, as re-

FIG. 4. Autoradiograms of denaturing polyacrylamide gels show-
ing the result of UV photocrosslinking experiments with different
lengths of iG4-bearing oligonucleotides in K1 or Cs1. (a) 32P-end-
labeled oligonucleotides were incubated either alone, or combined
together, in 0.5 M of KCl at 4°C for 2 days as indicated at the top of
each lane. In ‘‘crossover’’ control lanes 4 and 5, a 32P-end-labeled
single-strand ‘‘challenge oligomer’’ was added after the 2 days of
incubation, just before irradiation, as indicated at the top of these
lanes. Samples then were irradiated with UV light for 15 min at 4°C.
Products of UV irradiation were electrophoresed on a 20% denaturing
(7 M urea) polyacrylamide gel at 45°C with 13 TBE (Trisyboric
acidyEDTA, pH 8.6) as running buffer. (b) The same procedure was
followed as detailed for a except CsCl was used in place of KCl. Labels
located in between the panels in all capital letters describe products of
T8iG4T, labels in all lowercase letters refer to those of T4iG4T, and
‘‘mixed’’ refers to irradiation products having elements derived from
both of these oligomers.

FIG. 5. Pentaplex of iG4 DNA strands incorporating two cesium ions. The structure shown results from unrestrained minimization of the complex
by using the AMBER* forcefield implemented in Macromodel. Two cesium ions are incorporated into the model because a three-ion model with
an ion between each layer proved unstable. The average intrastrand phosphate-phosphate distance is observed to be 6.8 Å.
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placement of the alkali metal cations with tetramethylam-
monium ion yields only dimer crosslinked products.

Pentaplex and Quintet Structure. Several lines of evi-
dence support the iG-quintet motif structure as represented
in Fig. 1b. Tetraplexes of iG-DNA do not depend on
Hoogsteen pairing, as replacement of the Hoogsteen-face N7
by a C-H group does not impede their formation (13).
Examination of iG-quartets by 1HNMR and UV spectros-
copies confirm the occurrence of the N1-H tautomeric form
(11, 12) and also the direct involvement of the N1-H in
cation-dependent hydrogen bonding (12). Computations are
consistent with the iG-quintet model, the results of which are
displayed in Figs. 5 and 6.

Unrestrained force field calculations indicate that DNA
readily accommodates a pentaplex structure (Fig. 5). Ab
initio computation yields a stable (iG-quintetyCs1yiG-
quintet) sandwich complex (Fig. 6, Upper). Computations
were performed by using structures with C5H symmetry
imposed to maximize efficiency. Noteworthy features of the
optimized geometry for the Cs1 sandwich are: (i) a viable
quintet layer distance of 3.8 Å, a dimension that exceeds the
layer distance for B-DNA base pairs by only 0.4 Å, and (ii)
a Cs-O bond distance of 3.5 Å, a dimension that closely
approximates the average 3.4 Å Cs-O distance predicted by
crystallographic data (23) for deca-coordinate Cs1. An
intersticial metal cation such as the model incorporates also
fits with structural data for the positioning of potassium and
sodium ions in G-tetraplexes (5, 24). An in-plane rather than
interstitial model is proposed for the K1-pentaplex structure
(Fig. 6, Lower). The in-plane model allows an appropriate
metal-oxygen coordination distance to be maintained. The
2.8-Å K-O distance calculated for the in-plane model differs
by 0.1 Å from the 2.9-Å average K-O distance for penta-
coordinate K1 (23).

Conclusions. DNA pentaplexes are expected to be morpho-
logically similar to pentameric, coiled-coil alpha-helical pep-
tides implicated as ion channels (25). Engineering of activities
beyond the already diverse set known for DNA (26–28) and
RNA (29–31) may be possible with these structures. It also
may be possible to create supramolecular helices with orders
beyond 5.
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